Introduction
Li-O 2 batteries have attracted much attention as next-generation energy storage systems due to their much higher energy density compared to state-of-art Li-ion batteries. [1] [2] [3] [4] [5] [6] [7] Commonly, the nonaqueous Li-O 2 battery consists of three essential Adv. Energy Mater. 2017, 1701203 the discharge product of Li 2 O 2 will continuously accumulate on the nanopores of the air electrode and potentially choke the electrode, preventing further reactions.
In conclusion, an ideal cathode structure should possess enough open and interconnected macropores to facilitate oxygen gas permeation and numerous micropores to accommodate discharge products without clogging the electrode. [32] Inspired by natural wood, the 3D hierarchically porous structure with open and elongated microchannels is perfect for architecting an ultrathick cathode in Li-O 2 batteries. [33] [34] [35] [36] Herein, for the first time, we design a "breathable" wood-based cathode for Li-O 2 batteries, which is prepared by uniformly anchoring Ru nanoparticles (less than 5 nm) on the open porous microchannels of carbonized and activated wood (CA-wood). The low-tortuosity and aligned microchannels enable expedited oxygen gas diffusion through the entire ultrathick electrode. The numerous hierarchical pores on the microchannel walls are fully wetted by the electrolyte. The formed thin electrolyte layers on the walls ensure continuous pathways for fast Li-ion transport along the microchannel direction. As a result, the assembled Li-O 2 batteries based on the "breathable" wood-based cathode with a thickness of ≈700 µm can deliver a superior areal specific capacity of 8.58 mA h cm −2 at 0.1 mA cm −2 and excellent cycling stability. Additionally, the areal capacity can be further boosted to 56.0 mA h cm −2 by using an ultrathick CA-wood/Ru cathode with a thickness of ≈3.4 mm. The simple but applicable wood electrode design can potentially be applied in many other fields such as flow batteries, lithium-sulfur batteries, and water splitting.
Results and Discussion
The mechanism of the wood-based cathode for Li-O 2 batteries is illustrated in Figure 1 . The "breathable" CA-wood/Ru cathode is derived from natural basswood, which is cut perpendicular to the growth direction of the tree. As revealed in Figure S1 (Supporting Information), the natural basswood has well-aligned elongated microchannels. After carbonization and activation, the 3D porous framework of wood with aligned and open microchannels is perfectly preserved. The obtained wood carbon matrix is a great 3D current collector for fast electron transport. In addition, the open and low-tortuosity microchannels can significantly facilitate the permeation of the oxygen gas and shorten the diffusion distance. The unique anisotropic wood-based structure makes it possible for ultrathick electrode host to achieve higher specific areal capacity. Moreover, the enriched mesoporous structure caused by carbon dioxide activation offers more surface area for Ru nanoparticles to anchor, thereby largely increasing the active sites. Meanwhile, the numerous hierarchical pores can easily trap electrolyte to form continuous Li-ion pathways. O 2 can continuously transport through the open microchannels and is then exhausted by reacting with lithium ions. The whole process is like the respiration process in humans, so we dubbed it a "breathable" process. With the enhanced oxygen diffusion, fast Li-ion transport, and well-dispersed fine Ru nanoparticles, the assembled wood-based Li-O 2 battery can display greatly improved electrochemical performance.
To fabricate the CA-wood/Ru cathode, a piece of natural basswood is cut perpendicular to the growth direction, carbonized, and activated (Figure 2a) . After carbonization and activation, numerous nanopores were produced on the microchannel walls, which indicates the CA-wood is highly activated ( Figure S2 , Supporting Information). The obtained porous CA-wood matrix is loaded with Ru nanoparticles using a general solution method. We conducted contact angle measurements to investigate the wettability of the CA-wood/Ru cathode. the CA-wood/Ru cathode surface and electrolyte drop is 0°, indicating excellent electrolyte wettability of the cathode. The superior electrolyte wettability of the CA-wood/Ru cathode contributes to the electrolyte performance, is easily absorbed into the cathode, and spreads well on the porous walls of the aligned microchannels to form a thin and continuous Li-ion transport layer without blocking the oxygen gas permeation. (Figure 2i,j) , the Ru nanoparticles are homogenously dispersed on the walls of the microchannels. The TEM image further confirms the uniform distribution of Ru nanoparticles with a diameter less than 5 nm (Figure 2k ). The high-resolution TEM image reveals the (111) plane of Ru with a spacing of 0.22 nm, indicating the good crystallinity (Figure 2l ). The high specific surface area of the cathode contributes to the high mass loading of catalysts, which can offer abundant active sites. We conducted Brunauer-Emmett-Teller (BET) measurements to investigate the specific surface area of the CA-wood/Ru cathode. The CA-wood matrix has a specific area of 1191 m 2 g −1 ( Figure S3a , Supporting Information). Even loaded with Ru nanoparticles, the composite cathode still has a high specific area of 994 m 2 g −1 and its pore size distribution contains peaks at 2, 25, and ≈120 nm ( Figure S3b , Supporting Information). The CA-wood matrix with numerous aligned microchannels acts as a high-specific-area conductive matrix for loading numerous Ru nanoparticles, unimpeded O 2 permeation, and fast electronic conduction.
The permeability rate of O 2 in the air cathode has an important effect on the electrochemical performance of Li-O 2 batteries. We used a home-made set-up to test the air permeability (Figure 3a) . One side of the glass tube was sealed with the CA-wood/Ru cathode and pressure was added on the other side of the glass tube. The air permeability test results of the dry and wet CA-wood/Ru cathodes are shown in Figure 3b . For the wet CA-wood/Ru cathode, 90 µL cm −3 (V electrolyte /V wood ) electrolyte was absorbed into the cathode. The air permeability of both conditions increases with the increase in air pressure. Even though the air permeability of the wet CA-wood/Ru cathode is lower than that of the dry wood-based cathode, the results still demonstrate that the wet CA-wood/Ru cathode has relatively fast air permeability. We further studied the influence of the electrolyte amount on air permeability (Figure 3c ). Even though the air permeability decreases with the increase in electrolyte, the CA-wood/Ru cathode that absorbs above 90 µL cm −3 of electrolyte still has favorable air penetrating abilities. It is deduced that the electrolyte was trapped on the porous wall of the microchannels owing to surface tension effects and does not block the wood microchannels for oxygen diffusion. The amount of electrolyte also has a great influence on the performance of the Li-O 2 battery. [37] We assembled a Swagelok-like set-up to test the ionic conductivity of the wet CA-wood/Ru cathode (Figure 3d ). Two pieces of thin polypropylene film fully absorbed with electrolyte were put on both sides of CA-wood/Ru cathode to prevent short circuit during the measurement process. At the beginning, the ionic conductivity of the wet CA-wood/Ru cathode increases as the electrolyte increase and plateaus after the electrolyte reache 100 µL cm −3 (Figure 3e ). The specific capacity of the corresponding Li-O 2 battery increased and reached a peak value, and then decreased as the electrolyte increased. Taking both the ionic conductivity and air permeability into account, 90 µL cm −3 of electrolyte is the optimized choice to obtain the best electrochemical performance in our work. Figure 3f shows the discharge/charge curves of the first cycle of the Li-O 2 cell with the wet CA-wood/Ru cathode at optimal and flooded conditions. The specific capacity of the Li-O 2 battery with a flooded cathode is much lower than the optimal one, which is due to the fact that the microchannels in the flooded cathode are almost completely occupied by the electrolyte. The electrolyte prevents oxygen gas from entering the microchannels and lessens the active sites of triphase interface.
In order to optimize the electrochemical performance of the Li-O 2 batteries with the CA-wood/Ru cathodes, we first investigated the influence of weight loss of the CA-wood during CO 2 activation process on the specific capacities of the assembled Li-O 2 batteries. Galvanostatic discharge-charge curves of the Li-O 2 batteries based on the CA-wood/Ru cathodes with different weight loss are shown in Figure S4 (Supporting Information). The specific capacities were improved with the increase in weight loss of the CA-wood. The CA-wood/Ru cathode with a weight loss of 79.2 wt% displayed the best specific capacity. This is attributed to the higher specific surface area of the CA-wood, which can accommodate more catalysts. However, once the weight loss of the CA-wood exceeds 80 wt%, the CA-wood becomes quite fragile and is easily broken when sealed in the coin cell. Considering the workability and performance of the CA-wood/Ru cathode, we chose the CA-wood with a weight loss of 79.2 wt% as the optimized cathode matrix to load the catalyst. Additionally, the effect of the loading amount of the catalysts on the performance was also investigated. As shown in Figure S5 (Supporting Information), the specific area capacity of the CA-wood cathode with a Ru loading of 9.3 wt% is the highest. The improved performance from the Ru loading of 4.6-9.3 wt% is attributed to the increase in active sites. When the Ru loading increases to 13.7 wt%, the specific capacity decreased. The decreasing specific capacity is possibly caused by the aggregation of Ru nanoparticles, which could reduce the active sites. Therefore, the CA-wood/Ru cathode with a weight loss of 79.2 wt% and Ru loading of 9.3 wt% is optimized to obtain the best performance.
To investigate the electrochemical performance of the assembled Li-O 2 batteries, the typical thickness of the CA-wood/ Ru cathode used in our work is about 700 µm. As shown in Figure 4a , the specific discharge capacities of the Li-O 2 batteries with the CA-wood/Ru cathodes are 8.58, 7.01, 4.51 mA h cm −2 at 0.1, 0.2, 0.5 mA cm −2 , respectively, which display high specific area capacity. The mid-capacity overpotentials (defined as the overpotential at half of the specific capacity) are 1.03, 1.22, and 1.29 V, respectively. The small growth of overpotentials with the increase of the current densities indicates the favorable rate performance. We have clarified the contributions of the CA-wood and Ru nanoparticles to the cathode performance. The first charge/discharge curves of the CA-wood and CA-wood/Ru cathodes are shown in Figure S6 (Supporting Information). It can be observed that the specific areal capacitance of the bare CA-wood cathode (without Ru nanoparticles) is 5.5 mA h cm −2 , which is lower than that of the CA-wood/Ru cathode (8.58 mA h cm −2 ). More importantly, the polarization of the CA-wood cathode is much greater than the CA-wood/Ru cathode. The median voltage of the CA-wood charging curve is about 4.10 V, while the median voltage of the CA-wood/Ru cathode charge process is only 3.72 V ( Figure S6 , Supporting Information). The CA-wood not only works as a support to accommodate electrocatalysts but also can provide a certain capacitance. The electrochemical performance of the CA-wood can be improved significantly by the Ru nanoparticles. We further investigated the cycling performance of the assembled Li-O 2 batteries. The Li-O 2 batteries were cycled under controlled discharge-charge depths of 0.6 mA h cm −2 at a current density of 0.1 mA cm −2 (Figure 4b) . Even after cycling 100 cycles, the overpotential does not increase too much, which exhibits excellent cycling performance. Figure 4c shows the termination voltages as a function of the cycle numbers. The overpotentials between discharge and charge termination voltages are kept stable with the increase in cycle number.
Due to the excellent air permeability of the CA-wood/ Ru cathode, the Li-O 2 battery with an ultrathick CA-wood/ Ru cathode of 3.4 mm was assembled to further investigate the electrochemical performance. The first discharge curve at a current density of 0.1 mA cm −2 is shown in Figure 4d . The specific area capacity can reach up to 56.0 mA h cm −2 , which is 6.5 times higher than the typical CA-wood/Ru cathode (8.58 mA h cm −2 ). This indicates that the porous CA-wood matrix with aligned microchannels and numerous nanopores can make the ultrathick cathode possible. At the same time, we also investigated the specific gravimetric capacities of the CAwood/Ru cathodes. Note that, based on the catalyst of Ru nanoparticles, the specific gravimetric capacities of the CA-wood/ Ru cathodes with thicknesses of 0.7 and 3.4 mm are 5763 and 5591 mA h g −1 at a current density of 0.1 mA cm the mass of the whole cathode, the specific gravimetric capacities still have 536 and 520 mA h g −1 , respectively ( Figure S7b , Supporting Information). The specific gravimetric capacitance of the ultrathick electrode (3.4 mm) is only a little lower than that of the thin electrode (0.7 mm), which indicates that high energy density can be achieved with a thick cathode, without sacrificing the specific capacitance.
In order to better understand the function of the architecture of the CA-wood/Ru cathode, we investigated the morphology of the cathode after first discharge and charge. The schematic shows the Li 2 O 2 is gradually formed on the wall of the microchannels and covers the Ru nanoparticles during discharge (Figure 5a) . Figure 5b demonstrates the open and aligned microchannels in the CA-wood/Ru matrix are not blocked by the discharging products. High-magnification SEM images further reveal that the discharge products of Li 2 O 2 are attached on the porous microchannel walls (Figure 5c ). After charging, the Li 2 O 2 will gradually decompose from the surface of the microchannels (Figure 5d ). Figure 5e ,f confirms that the Li 2 O 2 products on the microchannel walls completely disappeared after charging, demonstrating good reversibility during the charge/discharge process. We further investigated the distribution of Li 2 O 2 from the glass fiber to the oxygen side in the ultrathick cathode after first discharge and charge. As shown in Figure S8a -d (Supporting Information), reduction product layers cover the microchannel walls both at the glass fiber and oxygen side after discharging. However, the discharge products increase from the glass fiber to oxygen side. Figure S8e -h (Supporting Information) shows there is no obvious discharge product on the microchannel walls at both the glass fiber and oxygen sides after the charging process. We also explored the stability of Ru nanoparticles. The SEM image and corresponding C and Ru mappings of the CA-wood/Ru cathode after the 6th charging step are shown in Figure S9a -c (Supporting Information). The Ru nanoparticles are uniformly distributed on the microchannels. TEM and high-angle annular dark field (HAADF) images of the CA-wood/Ru cathode after the 6th charging step are shown in Figure S9d -f (Supporting Information). Ru nanoparticles are well-dispersed on the carbon substrate. There is no obvious morphology change of the Ru nanoparticles after several cycles, which suggests that Ru nanoparticles are stable during the charge and discharge processes.
X-ray diffraction (XRD) analyses of the pristine, discharged, and charged CA-wood/Ru cathodes (first cycle) were carried out to determine the crystal structure of the product. As shown in Figure 5g , the XRD spectrum of the discharged CA-wood/Ru cathode exhibits two weak peaks located at 33° and 35°, which correspond to the (100), (101) crystal surfaces of Li 2 O 2 , respectively. After charging, both of the peaks completely disappear. These results perfectly validate the reactions during the charge and discharge processes. [38] Raman spectroscopy at the end of the first cycle was used to further study the discharge products. Figure 5h shows the Raman spectrum of the pristine, discharged, and charged CA-wood/Ru cathode. The peak around 278 cm −1 in the discharged curve is assigned to the Li-O lattice vibrations and the peak around 750 cm −1 is assigned to the stretching vibration of LiO-OLi. This is consistent with the results of XRD analyses. [39, 40] We further studied the byproducts in the CA-wood/Ru cathode after several cycles (10 cycles). As shown in Figure S10a (Supporting Information), there are few particles on the microchannel walls after the 10th charging step, which is assigned to the Li 2 O 2 . XRD result shows that there is no obvious peak, except the broad peak of carbon at around 20° ( Figure S10b , Supporting Information). As displayed in Raman spectrum, there is a weak Li 2 O 2 peak around 800 cm −1 , which is assigned to the stretching vibration of LiO-OLi ( Figure S10c , Supporting Information). No byproducts are found after 10 cycles. As a comparison, we also investigated the discharge products of the flooded CA-wood/Ru cathode after first discharge. The discharging products of the flooded cathode could hardly be observed on the microchannel walls ( Figure S11 , Supporting Information). For the flooded CA-wood/Ru cathode, electrolyte fully fills in the microchannels. The oxygen gas cannot go through the microchannels of the cathode. The triphase active sites are hardly formed on the microchannel walls.
Conclusion
In this work, for the first time, we designed a 3D porous "breathable" wood-based cathode for high-performance Li-O 2 batteries. The Ru nanoparticles with an average size less than 5 nm are well anchored on the porous surface of the aligned microchannels in the wood-derived carbon host, forming numerous reactive sites. The open and low-tortuosity microchannels are able to facilitate the expedite oxygen gas diffusion through the thick cathode. Meanwhile, the highly porous walls on the microchannels can easily trap electrolyte to form continuous thin electrolyte layers for fast Li-ion transport without blocking the passage of oxygen gas. As a consequence, the triphase reactive interface can be perfectly formed on the porous walls of the microchannels. With the numerous well-balanced triple-phase active sites in the cathode, the assembled Li-O 2 battery with the normal CA-wood/Ru cathode (thickness: ≈700 µm) shows a high specific area capacity of 8.58 mA h cm −2 at a current density of 0.1 mA cm −2 and superior cycling performance. Additionally, the areal capacity can be further improved to 56.0 mA h cm −2 by using an ultrathick CA-wood/Ru cathode with a thickness of ≈3.4 mm. The newly developed ultrathick wood-based electrode can also be applied to other cathodes such as sodiumoxygen (Na-O 2 ), Li-S, and Li-ion batteries to achieve a high specific areal capacity.
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